Realistic simulation of a possible earthquake is important for making rational plan against earthquake disasters. This paper proposes such a simulation method using a high resolution strong motion simulator and constructing a computer model of a whole city. The data for the model are provided by certain Geographic Information System, and underground structures and each building are modeled. The methodology of constructing these models is studied, since available data are usually limited. An example of a city model is constructed and earthquake simulation is made to examine the basic usefulness of the simulation.
Introduction
Past huge earthquakes which hit metropolises resulted in serious damage in human lives and estates as well as social infrastructures. To achieve more safety for an earthquake, it is essential to predict possible disaster in a more realistic manner.
Such predication contributes to making more rational counter measures.
To realize this predication, we need the high accuracy for strong motion simulation and the reliable and effective models of the target metropolis. However, there are two difficulties in such earthquake simulation. The first is the requirement of huge computer resources; see Ichimura and Hori 1)• 2). The second is that data for underground structures (geological and ground) and structures (lifelines, buildings, etc.) are limited. While the simulation methods are being developed and advanced methods are being proposed, less studies are made on the construction of a numerical analysis model for undergrounds and structures by making use of available but limited data, which, for a larger city, are (or will be) stored in certain Geographical Information Systems (GIS' s).
The authors are proposing an earthquake simulation by combining the strong motion simulator with GIS's. The strong motion simulator is being developed to compute the distribution and time series of the strong motion with the high spatial and temporal resolution. The GIS's are used to construct analysis models for undergrounds and structures, to which the computed strong motion is applied and the resulting response of the structures are computed. The key issue is the construction of analysis models using the GIS data.
In this paper, we propose a methodology of automatically constructing such analysis models, and demonstrate an earthquake simulation of combining the strong motion simulate with the models constructed from the GIS data. First, we explain the methodology of the model construction in Section 2. Data which are required and available for the model construction are summarized. Next, in Section 3, we construct a so-called virtual town using the actual GIS data for Roppongi Area, Tokyo, Japan; the virtual town has analysis models for both the underground structures and around 150 buildings. For given Table I . Data required for analysis models and data currently available in GIS' s.
earthquakes, the resulting strong motion near the ground surface and the dynamic responses of all buildings are computed, and it is shown that the structure response varies from place to place, as well as for a given earthquake, in a very wide range.
Modeling Virtual Town
A virtual town (or a virtual metropolis if large) is a set of numerical analysis models for the underground structures and the structures and the buildings located in a target town. We summarize data required for these analysis models and data currently available in GIS' s in Table 1 . The discrepancy between the required and the available data is owing to the fact that the analysis models are for mechanical computation and need mechanical information such as configuration and material properties, while the GIS is originally developed for the geographical purposes such as the land usage and the land arrangement. As is seen, data for constructing the underground models are limited, if surface layers are complicated (which is often a case due to the sedimentation processes in geological time scale). On the other hand, digital data for constructing the structure models exist if the target structure is designed in a
Computer-Aided-Design (CAD) system.
In this section, we present the methodology of modeling the virtual town by making use of the GIS data. For the underground structures, we do not expect that GIS of larger quantity and better quality data will be available, and hence we made the methodology suitable for the current GIS data. For the structures, the situation will be changed if CAD is spread and owners provide the CAD data. Thus, we develop a relatively simple methodology which is suitable to a case when CAD data are not available.
Ground structure model
A model of stratified soil layers is used for the underground structures of the virtual town. The configuration and the material properties of each layer need to be determined. In general, the estimation of the layer configuration is difficult mainly because available borehole data are limited (or the density of boring sites is sparse) and even adjacent borehole data are often inconsistent; the inconsistency means that the sequence, not the thickness, of distinct layers differs; see Fig. 1 .
(1) Estimation of soil layer sequence We first develop a method of estimating the soil layer sequence. While there are various methods are proposed for this purpose, most of them are for a case when few boring sites are available and not suitable for a case when many but inconsistent borehole data are given. Thus, the developed method is robust and can automatically correct the inconsistency of the borehole data. The procedures of estimating the soil layer sequence according to the proposed method is summarized as follows: i. Pick up one bore-hole data, and set the layer sequence as the initial reference sequence. ii. Compare the layer sequence of adjacent bore-hole data with the reference sequence.
ii-a. If it matches, go to the next bore-hole data.
ii-b. If it does not match, combine the two sequences to make new reference sequence that is consistent with them. At this stage, the thickness of some layers can be zero.
Repeat ii until all borehole data have a common consistent layer sequence. iv. Determine major layers whose average thickness is larger Figure 1 . Example of neighboring borehole data. than a pre-determined value among all layers in the reference sequence. Omit the thinner layers , and the layer sequence is finalized.
We explain this procedure using an example of bore-hole data, P1 -P4, as shown in Fig. 2 . We first choose P1 , and D-C-A as the initial reference sequence (i). Comparing P2 data, we modify the reference as D-C-B-A, and add zero thickness B and C layers to P1 and P2, respectively (ii) . Repeating this modification, we have D-C-B-A-B as the reference sequence (iii). If the average thickness of the last B layer is smaller than a pre-determined , we omit this layer and finalize the sequence of the major layers as D-C-B-A (iv) .
(2) Interpolation of layer thickness
Once the layer sequence is determined, we have to estimate the layer thickness, interpolating the borehole data . We employ a grid algorithm3) , in which continuous distribution of thickness is replaced by discontinuous grid values. In this algorithm, the constraint condition is given as: a) neighboring borehole data b) estimation of layer sequence The grid-algorithm then finds a set of {fnm} which minimizes: (2) subject to constraints of {f(xk)=fk}with fk being the k-th measured value of f Here, the first and second integrands are the square of the gradient and curvature norm of f and in is the weight between them.
In numerical computation, we apply the multi-grid method to efficiently determine { fnm"} . This method first use coarse grid to discrete f and gradually increase the fineness of the grid.
Structure (building) model
A structure model ranges from a simple linear model such as one-degree-of-freedom system to a sophisticated non-linear model used in the finite element method computation. The linear model is enough if the structure is safe to the given strong motion (i. e. , remains in the elastic response regime). The non-linear model is required if the structure reaches non-linear regime and has a possibility of local or total collapse.
The CAD data are useful in constructing the complicated non-linear model for a target structure. If such data are not available, the alternative is to use a simple linear model; at least whether the structure remains in the elastic regime or not is examined by using this model. In this section, we focus on buildings, and develop a method of constructing a linear multi-degree-of-freedom (MDOF) system model for them by using GIS data. 
The mechanical properties of the MDOF system need to be determined. According to the design code and statistical data 4) , 5) , 6) , 7), 8), and 9) of building structures , the period (T1) and the damping ratio (41) 
where ƒ³1 is the approximate fundamental mode vector and K and M are the stiffness and mass matrix given as:
Thus, we can estimate the value of m / k.
(2) Approximate modal analysis for MDOF system Once necessary mechanical properties of the MDOF system are estimated, we carry out simple modal analysis to estimate the dynamic responses of the target buildings. Since the target vector differential equation is (8) where v is the displacement vector and z is linear to a vector
(1,1,1,..,1) T. If v is decomposed as: (9) with ƒ³n is the n -th mode shape, the coefficient qn must satisfy: (10) where al, is the natural frequency corresponding to the period Tn. Thus, we can numerically compute the structure response for a given ground motion. Indeed, if zg is the scalar ground motion, we have: (11) where Qn is the solution of (10) theory is used to make fictitious but deterministic models for the stochastic model such that the mean responses of the stochastic model can be bounded by the responses of these deterministic models.
Strong Motion Simulator using Macro-Micro Analysis
The prototype of the strong motion simulator is able to compute the strong motion distribution with high special and time resolution, say, a few meters and a comma few seconds.
Such resolution is needed for the dynamic analysis of structures whose natural frequency goes up to a few Hz. Also, in this resolution, the wave amplification near the ground surfaces that consists of soft layers is computed accurately, and some sharp three-dimensional topographical effects on the amplification can be obtained.
Example of Earthquake Simulation in Virtual Town
As an example of earthquake simulation, we construct a virtual town for an area near the previous building of Institute of Industry Science, University of Tokyo, in Roppongi The target area is shown in Fig. 4 ; the center is: (139. 731706306E, 35. 661915222N) and the domain is 300x300 [m] .
First, we explain the construction of the virtual town, i.e., the underground structure model and the building models. The underground structure model is presented in Fig. 5 ; the depth of the model is 60[m] . There are six major soil layers in this model. Since only two boring sites are located in this area, an area of 1000x1000[m] is analyzed to determine the layer configuration. Fig. 5 shows the boring sites and an example of interface configuration between the fifth layer and the bedrock mass. Also, Table3 gives the characteristics of each layer and the bed rock on which these layers are located.
The MDOF system is constructed for each of around 140
Figure4. Target. 
Strong motion distribution
As a simple example, we input a half period sinusoid wave As an example of the strong motion distribution in the virtual town, the distribution of the peak ground velocity (PGV) is shown in Fig. 6 . Table 4 presents the maximum value of the peak ground displacement (PGD) and the PGV for three input earthquakes. Note that the maximum value of the PGD is almost three times larger than the input earthquake. Even if the simple sinusoid wave is input, complicated distribution of the strong motion appears on the ground.
It is observed that there are two mechanisms that cause the strong motion concentration in this virtual town. The first mechanism is the amplification within soft layers; see Fig. 6 and Fig. 7 . As the thickness of the surface layer increases, the PGV takes a larger value. The location of the strong motion concentration does not change much for different input waves. The second mechanism is the purely three-dimensional topographical effect. Even if the soft layer is thin, depending on the input earthquake, some parts in the virtual city take a larger value of the PGV. Thus, the location of the strong motion concentration due to this mechanism will be changed when the source earthquake is different. While the strong motion amplification due to the first mechanism is well analyzed by using the one-dimensional parallel layer models, the strong motion amplification caused by the three-dimensional topographical effects needs a full three-dimensional model of the underground structures as constructed in the present virtual town.
Structure response
We carry out the modal analysis for around 140 MDOF systems using the strong motion computed at the building site as the input; no soil-structure interaction is considered. This analysis is made for the three input earthquakes.
As an example of the wide distribution of the structure response, Table 5 summarizes the minimum and the maximum values of the peak displacement of buildings of the same structure type and with similar fundamental period (T1) when the input earthquake of the EW direction is given. As is seen, there are large differences in the structure responses; the ratio of the maximum value to the minimum value reaches almost 3. This is purely due to the fact that the input strong motion that is computed by the micro-analysis differs from place to place.
Since the buildings of similar properties (the structure type and the fundamental period) have such difference, buildings of different properties have larger differences. Indeed, the ratio of the maximum value of WH to the minimum value of SRC is around 20.
We examine the wide distribution of the structure response in detail. Three high-rise buildings in this virtual town, which have eleven stories, are picked up. In Fig. 8 , they are marked as A, B and C; A is SRC and B and C are RC. We also pick up three WH's, denoted by D, E and F in Fig. 8 . Table 6 gives the peak displacement of these two groups for the three input earthquakes; a) is for A, B and C, and b) is for D, E and F, and the fundamental period (T1) is cited. The buildings A, B and C happen to be located at the thickest area of the soft layers. H, and hence the large strong motion is input to these buildings for all the three inputs. Still, we can observe large difference in the peak displacement; A shakes almost three times larger than B and C. For the building D, E and F, the results are more complicated. While the behaves more or less similarly to the EW input, D and E shakes less but F shakes more for the NS input. This is because large strong motion is caused for F when the EW input is given, due to the three-dimensional topographical effects. Indeed, from the comparison of Fig. 6 with Fig. 8 , the concentration of the strong motion takes place near the building F. It is clearly shown that for different earthquakes, the location of the strong motion concentration will change and hence the resulting structure responses vary almost three times.
Concluding remarks
Using the prototype of the strong motion simulator and the virtual town that is constructed from available GIS data, we carry out earthquake simulation for Roppongi area. Even though the assumed earthquake is artificial and the simplest MDOF systems are used for structural models, the simulation results clearly shows wide range of the structure responses.
While it is difficult to verify the methodology of constructing the virtual town, these results support the basic validity of the methods which are developed in this paper.
For the future work, we need to construct a more realistic virtual town in which other structures such as lifelines or large infrastructure buildings are located. We seek to develop a plug-in type simulator for such a virtual town; the output of the strong motion simulator is easily input to various analysis tools of structure models, and their outputs are accumulated in a certain GIS for the virtual town.
